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HIGHLIGHTS 


•  Pulsed-sonication  is  a  rapid  and  effective  approach  for  coating  alumina  on  oxides. 

•  Oxide  integrity  and  morphology  is  maintained  after  the  coating  process. 

•  NMR  data  indicate  that  octahedral  A1  bound  to  oxygen  is  contained  in  the  coating. 

•  Cells  with  the  alumina-coated  particles  shower  better  performance  retention. 
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High-capacity  xLi2Mn03-(l  -  x)LiM02  (M  =  Ni,  Mn,  Co)  oxides  show  relatively  rapid  performance 
degradation  when  cycled  at  voltages  >4.5  V  vs.  Li/Li+.  Previous  research  has  indicated  that  modifying  the 
oxide  surfaces  with  coatings,  such  as  alumina,  reduces  cell  impedance  rise  and  improves  capacity 
retention.  In  this  article,  we  demonstrate  pulsed-sonication  as  a  rapid  and  effective  approach  for  coating 
alumina  on  Li1.2Nio.175Mno.525Coo.1O2  (0.5Li2Mn03-0.5LiNio.44Mno.3iCoo.2502)  particles.  Oxide  integrity 
and  morphology  is  maintained  after  the  sonochemical  process  and  subsequent  heat-treatment.  Energy 
dispersive  spectroscopy  (EDS)  X-ray  elemental  maps  show  uniform  coating  of  all  secondary  particles.  27A1 
Magic  Angle  Spinning  (MAS)  NMR  data  confirm  the  presence  of  alumina  and  mainly  indicate  octahedral 
aluminum  occupancy  in  a  six-coordinate  environment  with  oxygen.  Full  cells  containing  electrodes  with 
the  alumina-coated  particles  demonstrate  lower  initial  impedance  rise  and  better  capacity  retention 
during  extended  cycling  to  high  voltages.  However,  the  coating  has  a  negligible  effect  on  the  voltage 
hysteresis  and  voltage  fade  behavior  displayed  by  these  oxides.  The  various  data  indicate  that  the  pulsed 
sonochemical  technique  is  a  viable  approach  for  coating  oxide  particles.  The  methodology  described 
herein  can  easily  be  extended  beyond  alumina  to  include  coatings  such  as  A1F3,  MgO,  and  MgF2. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  ever-growing  demand  for  higher  energy  storage  densities 
has  led  to  the  development  of  novel  electrode  materials  for  lithium- 
ion  cells.  However,  to  attain  these  higher  densities,  the  cells  are 
cycled  at  high  voltages  (>4.5  V  vs.  Li/Li+)  beyond  the  stability 
window  of  conventional  electrolytes  [1—3].  At  the  positive  elec¬ 
trode,  the  highly  oxidizing  conditions  induce  side  reactions  that 
trigger  resistance  rise,  whereas  at  the  negative  electrode  the  highly 
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reducing  conditions  induce  changes  in  the  solid  electrolyte  inter¬ 
phase  (SEI)  that  enhance  lithium  trapping,  thereby  lowering  cell 
capacity  [4].  Stabilizing  the  electrode-electrolyte  interfaces  is 
critical  to  improving  the  performance,  life,  and  safety  of  lithium-ion 
cells.  A  common  approach  to  improving  stability  is  through  the  use 
of  electrolyte  additives  that  create  passivation  layers  at  the  in¬ 
terfaces  [5-7].  An  alternative  approach  is  the  use  of  electrode  and/ 
or  active  material  coatings  that  provide  a  physical  and/or  chemical 
barrier  to  detrimental  side  reactions  at  the  interface  [8]. 

Metal  oxides  (MOx,  M  =  Mg,  Zr,  V,  Zn,  Al,  Co,  Sn)  are  among  the 
most  widely  studied  coating  materials  [9];  metal  phosphates 
[10,11  ,  metal  fluorides  [12],  and  metal  oxyfluorides  [13  coatings 
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are  also  reported  in  the  research  literature.  Of  the  various  materials 
studied,  coatings  based  on  alumina  are  shown  to  have  a  significant 
impact  on  cell  performance.  These  coatings  have  been  studied  on 
LiMn204,  LiCo02,  Fe304,  graphite,  and  silicon  materials  and  are 
credited  with  suppressing  phase  transitions,  lowering  transition 
metal  dissolution,  and  reducing  impedance  rise  during  cycling. 

Conventional  coatings  are  applied  via  wet-chemical  methods 
that  use  aqueous  or  non-aqueous  solvents  and  employ  multiple 
complex  steps  [14-16];  more  recently,  dry-coating  techniques  are 
gaining  prominence  because  of  their  relative  simplicity  [17]. 
Another  widely  used  technique,  atomic  layer  deposition  (ALD),  has 
been  broadly  applied  to  create  conformal,  ultrathin,  coatings  on 
both  positive  and  negative  electrodes/materials  [18-22].  In  this 
article,  we  report  a  sonochemical  approach  for  application  of 
alumina  coatings  on  lithium-  and  manganese-rich  layered  oxides, 
which  are  attractive  candidates  for  high  energy  cells  because  of 
their  high  capacities  (>250  Ah  kg-1). 

Sonochemistry  refers  to  chemical  reactions  caused  by  acoustic 
cavitation  [23].  Acoustic  cavitation  is  the  phenomenon  by  which 
intense  ultrasonic  waves  induce  the  formation,  growth,  and  sub¬ 
sequent  collapse  of  micro-bubbles  in  liquid  [24]  leading  to  the 
formation  of  free  radicals  [25].  For  example,  the  sonolysis  of  a  water 
molecule  into  OH  and  H  radicals  results  in  oxidation,  reduction, 
dissolution,  and  decomposition  reactions  in  the  reaction  vessel 
[26].  Near  a  solid  surface,  the  collapse  produces  physical  effects 
such  as  acoustic  streaming  [26],  microjets  [27],  and  shock  waves 
[28].  Cavitation-induced  sonochemistry  creates  a  unique  interac¬ 
tion  between  energy  and  matter  [29  ,  with  hot  spots  inside  the 
bubbles  of  -5000  K,  pressures  of  -1000  bar,  and  heating  and 
cooling  rates  of  >1010 1<  s-1.  These  extraordinary  conditions  permit 
access  to  a  range  of  chemical  reaction  space,  normally  not  acces¬ 
sible,  that  allows  for  the  synthesis  of  a  wide  variety  of  unusual 
nanostructured  materials  [29]. 

In  previous  articles,  we  have  demonstrated  the  use  of  a 
continuous-sonochemical  approach  for  surface  coatings  of  oxides 
and  carbon  materials  [30-35].  This  approach  is,  however,  unsuit¬ 
able  for  surface  modification  of  oxide  particles  typically  used  in 
lithium-ion  cells  because  the  extreme  conditions  induced  by  cavi¬ 
tation  severely  alters  their  secondary  particle/primary  particle  ar¬ 
chitecture.  Flerein,  we  demonstrate  a  pulsed-sonochemical 
approach  for  coating  alumina  on  Lii.2Ni0.i75Mn0.525Coo.i02 
(0.5Li2Mn03-0.5LiNio.44Mno.3iCoo.2502)  particles  that  maintain 
their  pristine  morphology  after  the  process.  In  this  approach,  the 
ultrasonic  energy  is  delivered  in  pulsed  cycles  (4  s  ON,  4  s  OFF)  for 
15  min.  The  pulsed  nature  of  the  process  facilitates  percolation  of 
reactant  solutions  into  the  secondary  particle  interior  thus  enabling 
the  coating  of  individual  primary  particles. 

The  pulsed-sonochemical  approach  has  been  employed  previ¬ 
ously  for  various  purposes  including  the  synthesis  of  copper  oxide 
and  tin  oxide  nanoparticles  [36,37].  Flerein,  we  report  on  the  use  of 
pulsed  sonication  for  coating  oxide  particles  for  battery  applica¬ 
tions.  Electrodes  prepared  from  the  alumina-coated  oxide  particles 
have  been  examined  in  cells  with  lithium-  and  graphite-based 
counter  electrodes.  Our  investigations  reveal  that  pulsed  sono¬ 
chemistry  is  a  novel  and  rapid  approach  for  the  application  of 
nanoparticulate  coatings  on  oxide  particles.  Cells  containing  the 
coated  particles  demonstrate  lower  impedance  rise  and  better  ca¬ 
pacity  retention  during  extended  cycling  at  elevated  voltages. 

2.  Experimental 

The  pristine  Lii.2Ni0.i75Mn0.525Coo.i02  (henceforth  referred  to  as 
LMR-NMC)  material  is  prepared  by  a  solid-state  reaction  process 
according  to  the  protocol  described  in  Ref.  [38].  The  sonochemical 
coatings  are  applied  in  the  following  manner.  First,  the  oxide  is 


dispersed  in  deionized  water  by  pulsed  sonication  to  clean  and 
activate  the  particle  surfaces.  The  ultrasonic  energy  is  delivered  at 
40%  intensity  (maximum  frequency,  20  kFIz)  during  this  process  to 
preserve  the  secondary  particle  morphology;  higher  frequency 
values  promote  particle  damage  as  shown  later.  Then  the  precursor 
solution,  aqueous  A1(N03)3-9H20,  is  added  to  the  pre-dispersed 
LMR-NMC  aqueous  slurry.  The  pFI  of  the  reaction  mixture  is 
maintained  slightly  basic  (-pH  8)  by  simultaneous  drop-wise 
addition  of  dilute  NH4OH  solution,  which  is  a  precipitating  and 
chelating  agent  (Fig.  1).  The  pulsed  sonication  continues 
throughout  the  entire  precipitation  process  with  the  ultrasonic 
energy  being  delivered  in  pulsed  cycles  (programmable  4  s  ON  and 
4  s  OFF  times)  for  a  total  processing  time  of  15  min. 

After  pulsed  sonication,  the  product  is  centrifuged  at  4000  rpm 
and  washed  twice  with  deionized  water  to  remove  by-products, 
such  as  ammonium  nitrate.  The  resulting  material  is  dried  at 
110  °C  and  then  heat-treated  at  500  °C  for  2  h  in  air  to  obtain  the 
final  product.  The  reaction  chemistry  during  the  sonochemical 
process  is  detailed  in  Fig.  1 ;  the  particles  are  initially  coated  with 
aluminum  hydroxide  that  is  converted  to  aluminum  oxide  during 
the  final  heat-treatment  process.  In  this  work,  we  use  2  wt% 
A1(N03)3-9H20  precursor  and  98  wt%  LMR-NMC  powder  pre¬ 
dispersed  in  water;  precipitation  with  excess  NH4OH  solution  cre¬ 
ates  Al(OH)3,  which  is  heated  to  form  the  alumina.  Because  the 
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LMR-NMC  +  deionized  H20  ))))  dispersed  LMR-NMC 
+  A1(N03)3  1  )))) 

dispersed  LMR-NMC  +  Al3+  (aq)  +  SNC^1-  (aq) 

+  3NH41+  (aq)  +  30H'  (aq)| )))) 

LMR-NMC  @A1(OH)3(s)+  3NH4N03  (aqbyprodllct) 

A  1 500  °C/2h/air 

lmr-nmc@ai2o3 

Fig.  1.  Pulsed  sonochemical  reaction  set  up  and  reaction  pathway.  The  ))))  symbol 
represents  the  pulsed  sonication  process. 
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A1(N03)3  -9H20  (Mol.  wt.  =  375.13  g  mol-1)  converts  to  AI2O3  (Mol. 
wt.  =  101.96  g  mol-1 ),  the  2  wt%  precursor  yields  ~  0.005  g  of  AI2O3 
on  ~0.98  g  of  the  LMR-NMC  powder  surface,  i.e.,  an  estimated 
0.5  wt%  alumina  is  present  on  the  oxide  particles. 

The  alumina-coated  oxide  particles  are  characterized  by  various 
techniques  that  include  scanning  electron  microscopy  (SEM),  X-ray 
diffraction  (XRD),  and  nuclear  magnetic  resonance  (NMR)  spec¬ 
troscopy.  SEM  imaging  is  conducted  on  a  field  emission  scanning 
electron  microscope  (JEOL  JSM7500F)  equipped  with  a  Thermo 
Fisher  energy  dispersive  X-ray  analysis  unit.  Powder  X-ray  diffrac¬ 
tion  patterns  are  collected  with  a  Bruker  D8  Advance  diffractometer 
(CuKa  radiation)  at  a  scan  rate  of  0.33°  26  min-1. 

The  Magic  Angle  Spinning  (MAS)  NMR  data  are  acquired  on 
oxide  powder  samples.  The  27A1  MAS  NMR  experiments  are  per¬ 
formed  on  a  Bruker  Avance  III  500  MHz  spectrometer  (11.7  T 
superconducting  magnet)  with  a  2.5  mm  MAS  probe  operating  at 
28  kHz  spinning  speed.  The  spectra  are  referenced  to  1  M  A1(N03)3 
at  0  ppm  and  single  pulse  experiments  are  performed  with  a  pulse 
width  of  1.0  ps  and  a  recycle  delay  of  1  s.  1H  MAS  NMR  experiments 
are  acquired  on  a  Bruker  Avance  III  300  MHz  spectrometer  (7.05  T) 
with  a  1.3  mm  MAS  probe  at  a  spinning  speed  of  65  kHz.  All  spectra 
are  referenced  to  TMS  at  0  ppm  and  a  single  pulse  experiment  is 
used  with  a  tc/2  pulse  width  of  1.4  ps  and  a  recycle  delay  of  1  s.  A 
background  spectrum  is  acquired  under  the  same  conditions  and 
parameters  and  is  subtracted  from  the  actual  data  for  the  MAS 
NMR  experiments. 

For  electrochemical  cycling  experiments,  the  positive  electrodes 
comprise  a  coating  of  oxide  (as-prepared  or  alumina-coated),  carbon 
black  and  PVdF  in  the  82:8:10  ratio  on  an  Al  foil  current  collector;  the 
oxide  loading  density  is  -4.3  mg  cm-2.  The  negative  electrode  is 
either  Li-metal  (half-cell)  or  a  graphite-based  electrode  (full-cell) 
that  comprises  a  coating  of  graphite  (Philips  66,  A12),  Timcal  C45 
carbon,  and  PVdF  (Kureha  KF9300)  in  the  92:2:6  ratio  on  a  Cu  foil 
current  collector;  the  graphite  loading  density  is  -  5.2  mg  cm-2.  All 
cells  contain  a  polypropylene-polyethylene-polypropylene  trilayer 
(Celgard  2325)  separator,  and  an  EC:EMC  (3:7  by  wt.)  +  1.2  M  LiPF6 
electrolyte  (also  known  as  “Gen2”  from  Tomiyama  Chemical  In¬ 
dustry,  Japan);  the  moisture  content  of  the  electrolyte  is  -20  ppm. 
Electrochemical  cycling  experiments  are  conducted  with  1.6  cm2 
area  electrodes  in  2032-type  coin  cells.  These  cells  are  assembled  in 
an  Ar-atmosphere  glove  box  and  galvanostatically  cycled  within  a 
constant  temperature  oven  held  at  30  °C. 

The  formation  cycling  of  the  positive  electrode  half-cells  fol¬ 
lowed  two  different  protocols.  Our  baseline  protocol  consists  of 
cycling  the  cells  in  the  2-4.6  V  voltage  window  with  a  15  mA  g-1 
current,  followed  by  extended  cycling  with  a  150  mA  g-1  current. 
Our  altered  protocol  consists  of  cycling  the  cells  sequentially  in  the 
2.2— 4.4  V,  2.2— 4.5  V,  2.2-4.6  V  and  2.2-4.7  V  voltage  windows 
with  a  15  mA  g-1  current:  similar  “window-opening”  protocols 
have  been  shown  to  enhance  capacities  and  cycling  stabilities  of 
cells  containing  various  lithium-rich  layered  oxides  [39-42]. 
Extended  cycling  of  these  cells  is  conducted  in  the  2.2-4.7  voltage 
window  with  a  75  mA  g-1  current. 

Because  the  window-opening  experiments  on  half  cells  provided 
higher  capacities,  the  full  cells  are  cycled  sequentially  in  the  2.2- 
4.3  V,  2.2— 4.4  V,  2.2-4.5  V  and  2.2-4.6  V  voltage  windows  with  a 
15  mA  (g  oxide)-1  current,  followed  by  extended  cycling  with  a 
75  mA  (g  oxide)-1  current.  The  extended  cycling  is  interrupted 
periodically  to  obtain  capacity  and  AC  impedance  data.  The  capacity 
data  are  obtained  with  a  15  mA  (g  oxide)-1  current  because  the 
smaller  current  reduces  impedance  effects  in  the  cycling  plots.  The 
AC  impedance  data  are  collected  after  the  cells  are  charged  to  3.75  V 
and  held  at  that  voltage  for  more  than  12  h;  the  data  are  obtained  at 
30  °C  in  the  100  kHz  to  10  mHz  frequency  range,  with  a  10  mV 
perturbation  around  the  open-circuit  voltage  [4]. 


3.  Results 

3.1.  Oxide  particle  and  coating  characterization 

XRD  patterns  from  the  oxide  powders  are  similar  to  those  re¬ 
ported  in  previous  articles  [4,38]  and  are,  therefore,  not  shown 
here.  Most  diffraction  peaks  in  the  patterns  can  be  indexed  based 
on  the  a-NaFe02  (R-3m)  structure;  a  set  of  small,  relatively  broad 
peaks  in  the  26  =  22° -25°  range  are  characteristic  of  cation 
ordering  in  the  transition  metal  (TM)  layers,  as  occurs  between  the 
lithium  and  manganese  ions  in  Li2Mn03  [43,44].  No  discernible 
changes  are  induced  by  the  alumina  coatings.  SEM  images  of  the 
coated  and  uncoated  oxides  are  also  very  similar.  The  images  show 
10-20  pm  size  secondary  particles  that  consist  of  dense,  plate-like, 
sub-micron  size  primary  particles.  The  secondary  particle 
morphology  and  architecture  is  preserved  during  the  pulsed  soni- 
cation  process.  In  contrast,  the  morphology  is  altered  significantly  if 
continuous  sonication  is  used,  or  if  the  ultrasonic  energy  is  deliv¬ 
ered  at  higher  than  the  40%  threshold  intensity  used  in  our  coating 
process  (Fig.  2).  An  alumina  coating  is  indicated  by  X-ray  elemental 
maps  generated  by  EDS.  In  Fig.  3,  the  Ni  and  O  signals  arise  pri¬ 
marily  from  the  oxide;  the  Al  signal  distribution  is  similar  indi¬ 
cating  that  the  particles  are  covered  by  the  coating. 

The  presence  of  alumina  is  further  confirmed  by  27A1  and  1H 
solid-state  NMR  experiments  that  probe  changes  in  the  coordina¬ 
tion  and  local  environments  of  aluminum  and  proton  species 
immediately  after  sonication,  and  following  the  final  heat- 
treatment.  Although  it  is  considered  a  bulk  technique,  multinu- 
clear  NMR  analysis  can  provide  information  on  surface  species  such 
as  coatings.  27A1  MAS  NMR  has  been  previously  used  on  various 
cathode  materials,  such  as  aluminum-doped  LiCoC^  (LiAlxCoi_x02), 
Al203-coated  LiCo02,  LiAlxNii_x02  and  AlF3-coated  Li[Lii/9Nii/3Mn5/ 
g]02,  to  obtain  information  on  the  local  environment  of  Al  atoms 
both  on  the  oxide  surface  (coating)  and  in  the  bulk  (lattice)  [45- 
49].  Six-coordinate  aluminum  environments  in  AI2O3  and  Al(OH)3 
resonate  between  0  and  10  ppm  whereas  4-  and  5-coordinated 
aluminum  atoms  of  aluminum  oxides  show  distinct  27A1  NMR 
peaks  within  50-80  and  30  ppm  regions,  respectively  [50].  Studies 
on  LiAlxCoi_x02  have  shown  a  distribution  of  lattice  aluminum 
chemical  shifts  between  30  and  60  ppm  with  varying  the  cobalt 
contents  [45,47]. 

Fig.  4  displays  the  27A1  MAS  data  from  the  as-sonicated  and  heat- 
treated  materials.  The  as-sonicated  material  shows  a  single  peak 
centered  at  6.7  ppm  that  can  be  assigned  as  an  octahedral 
aluminum  hydroxide  environment  (which  is  confirmed  by 
NMR)  [50].  After  heat- treatment,  this  6-coordinate  aluminum  peak 
shows  a  slight  broadening  and  a  shift  to  7.4  ppm.  A  weak  broad 
signal  covering  the  25-100  ppm  region  is  also  observed.  This  broad 
feature  indicates  a  distribution  of  different  aluminum  environ¬ 
ments  and  is  most  likely  due  to  5-  and  4-coordinate  aluminum  sites 
formed  during  heat  treatment  either  on  the  surface  (aluminum 
oxide  species  [50])  and/or  at  the  coating-oxide  interface.  The  latter 
case  may  include  aluminum  atoms  coordinated  to  lattice  lithium 
and  cobalt  sites  via  oxygen  atoms  as  previous  studies  on  LiA102  and 
LiAlxCoi_x02  samples  show  a  wide  range  of  peak  distributions  in 
15-70  ppm  region  [45—47].  Note  that  any  lattice  aluminum  in  the 
vicinity  of  paramagnetic  metal  centers  (Ni,  Mn)  should  give  27A1 
resonances  at  higher  frequencies;  this  higher  frequency  range  is  not 
covered  in  this  study. 

The  27A1  data  are  complemented  by  1H  MAS  NMR  data,  acquired 
to  confirm  the  identity  of  the  surface  6-coordinate  Al  species, 
before  and  after  heat-treatment.  As  seen  in  Fig.  5,  the  1H  MAS  data 
of  the  as-sonicated  sample  shows  three  major  peaks  centered  at 
0.2, 2.8  and  6.0  ppm.  By  comparing  with  literature  shift  values  50], 
these  environments  can  be  assigned  as  protons  of  NHj  impurities 
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Fig.  2.  SEM  images  of  oxide  particles  coated  by  a)  pulsed  sonication  and  b)  continuous  sonication  for  15  min  at  40%  ultrasonic  intensity.  Changes/damage  to  the  oxide  particle 
morphology  is  evident  in  (b). 


from  the  synthesis  solution,  Al(OH)3  species,  and  adsorbed  water, 
respectively.  The  identity  of  the  minor  impurity/artifact  peak 
appearing  at  -10  ppm  is  not  known.  Heat-treatment  results  in  the 
complete  removal  of  water  and  hydrogen  impurities  and  further 
confirms  conversion  of  the  Al(OH)3  species  to  aluminum  oxides  as 
shown  in  Fig.  1. 

3.2.  Electrochemical  characterization  in  half  and  full  cells 

Fig.  6a  and  b  shows  the  first  two  charge-discharge  plots,  ob¬ 
tained  with  a  15  mA  g  1  current,  from  half  cells  containing  elec¬ 
trodes  with  the  pristine  and  alumina-coated  oxides.  For  both  cells  a 
plateau  at  ~4.4  V  is  seen  during  the  first  charge  cycle.  This  plateau 
is  attributed  to  electrochemical  activation  of  the  Li2Mn03  compo¬ 
nent  and  is  typically  associated  with  structural  changes  and  loss  of 
oxygen  from  the  oxide  [51,52].  For  the  pristine  electrode,  the  first 
cycle  charge  and  discharge  capacities  (in  mAh  g-1)  are  261  and  199, 
respectively,  yielding  a  76%  coulombic  efficiency;  the  correspond¬ 
ing  values  for  the  coated  electrode  are  273  and  222,  respectively, 


yielding  an  81%  coulombic  efficiency.  For  the  2nd  cycle,  the 
discharge  capacities  (in  mAh  g-1)  are  slightly  higher,  202  and  231, 
and  the  coulombic  efficiencies  are  significantly  higher,  99.3%  and 
99.7%,  for  the  pristine  and  coated  electrode,  respectively. 

Fig.  6c  shows  a  discharge  capacity  vs.  cycle  number  plot  ob¬ 
tained  with  a  150  mA  g-1  current.  For  the  pristine  electrode  the 
discharge  capacities  remain  relatively  stable  at  - 140  mAh  g_1  over 
the  50  cycles;  the  corresponding  value  for  the  coated  electrode  is 
170  mAh  g-1.  It  is  evident  that  the  performance  of  the  alumina- 
coated  electrode  is  better  at  both  low  and  high  currents;  the  sig¬ 
nificant  difference  at  the  higher  current  indicates  lower  impedance 
for  the  coated  electrode. 

Because  the  capacity  values  obtained  with  our  baseline  protocol 
are  lower  than  expected,  we  employed  the  “window-opening” 
protocol  described  earlier.  A  typical  capacity- voltage  plot,  obtained 
with  a  15  mA  g_1  current,  for  the  pristine  electrode  is  shown  in 
Fig.  7a.  The  charge//discharge  capacities  (in  mAh  g-1)  for  the 
various  cycles  are  as  follows:  117//105  (2.2-4.4  V),  214//181  (2.2— 
4.5  V),  243//230  (2.2-4.6  V),  and  254//245  (2.2-4.7  V).  The 


Fig.  3.  Scanning  electron  microscopy  (SEM)  image  and  corresponding  nickel,  aluminum  and  oxygen,  energy  dispersive  X-ray  element  maps  from  alumina-coated  LMR-NMC  oxide 
particles. 
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Fig.  4.  27 Al  MAS  NMR  of  oxide  particles  that  are  (a)  as-coated,  and  (b)  heat-treated  at 
500  °C,  2  h.  The  inset  is  a  magnified  view  of  the  spectra  showing  six-coordinate 
aluminum  environments.  The  broad  feature  enveloped  by  the  dashed  oval  is  prob¬ 
ably  from  five-  and  four-coordinate  aluminum  sites  formed  during  heat  treatment. 

corresponding  charge//discharge  capacities  (mAh  g-1)  for  the 
coated  sample  are  similar:  113//106  (2.2-4.4  V),  216//187  (2.2- 
4.5  V),  249//239  (2.2-4.6  V),  and  261//251  (2.2-4.7  V).  For  both 
pristine  and  coated  electrode  cells,  partial  plateaus  are  seen  in  the 
2.2— 4.4  V,  2.2— 4.5  V  and  2.2-4.6  V  cycles,  indicating  gradual 
activation  of  the  oxide  particles.  After  formation,  the  cells  are  cycled 
with  a  75  mA  g  1  current.  The  resulting  discharge  capacity  vs.  cycle 
number  plot  (see  Fig.  7b)  shows  that  the  cycling  behavior  of  half 
cells  with  the  pristine  and  coated  electrode  is  similar.  That  is, 
following  the  gradual  activation  protocol  no  obvious  advantage  is 
evident  for  the  coated  electrode. 

Many  Li-intercalating  oxides  display  a  decrease  in  the  charge 
and  discharge  voltages  during  cycling  [53-56].  This  phenomenon, 
referred  to  as  “voltage  fade”  causes  a  continuous  decrease  in  the 
cell’s  energy  output.  Fig.  8  shows  that  the  alumina  coating,  applied 
by  our  pulsed  sonication  technique,  has  a  negligible  effect  on 
voltage  fade.  The  charge— discharge  plots,  after  formation  cycles 
and  after  50  cycles,  are  very  similar  for  cells  with  the  pristine  and 
alumina-coated  oxides.  Also,  the  coating  has  minimal  effect  on  the 
voltage  hysteresis,  which  is  the  difference  between  the  charge  and 
discharge  plots  for  any  given  cycle  [57,58].  The  voltage  hysteresis 
arises  from  differences  in  lithium  site  occupancy  during  charge  and 
discharge;  this  site  occupancy  is  unaffected  by  the  coating,  which 


Fig.  5.  1  H  MAS  NMR  of  oxide  particles  that  are  (a)  as-coated,  and  (b)  heat-treated  at 
500  °C,  2  h.  A  background  spectrum  acquired  with  an  empty  rotor  using  the  same 
experimental  parameters  is  subtracted  from  both  spectra. 


indicates  that  voltage  hysteresis  is  a  characteristic  of  the  oxide  bulk. 
The  voltage  fade  is  caused  by  irreversible,  structural  changes  in  the 
oxide;  negligible  effect  of  the  coating  indicates  that  this  fade  is  also 
determined  by  the  oxide  bulk. 

The  formation  cycles  on  our  full  cells  follow  the  “window¬ 
opening”  protocol.  A  representative  capacity-voltage  plot,  ob¬ 
tained  with  a  15  mA  (g  oxide)-1  current,  for  the  coated  electrode  is 
shown  in  Fig.  9a.  The  charge//discharge  capacities  (in  mAh  g-1)  for 
the  various  cycles  are  as  follows:  131//98  (2.2-4.3  V),  203//181 
(2.2— 4.4  V),  238//227  (2.2-4.5  V),  and  250//244  (2.2-4.6  V).  The 
capacities  for  the  pristine  electrode  cells  were  qualitatively  similar 
but  slightly  lower.  The  higher  inefficiency  in  the  2.2—43  V  cycle  is 
partially  related  to  lithium  trapping  in  the  SEI  during  the  first 
graphite-lithiation  cycle. 


0  10  20  30  40  50  60 

Cycle  Number 

Fig.  6.  First  two  cycles,  obtained  with  a  15  mA  g  1  current,  from  half  cells  containing 
the  (a)  pristine-oxide,  and  (b)  alumina-coated  oxide  electrodes,  respectively,  (c) 
Discharge  capacity  vs.  cycle  number  plot  obtained  with  a  150  mA  g-1  current  in  the  2— 
4.6  V  range. 
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Fig.  7.  (a)  Capacity— voltage  plots  from  the  “window-opening”  cycling  protocol  for  a 
half-cell  containing  a  pristine  electrode  cycled  with  a  15  mA  g-1  current,  (b)  Discharge 
capacity  vs.  cycle  number  plots  for  cells  with  the  pristine  and  coated  electrodes  cycled 
in  the  2.2-4.7  V  range. 


The  discharge  capacity  data,  on  extended  cycling  with  a 
75  mA  (g  oxide)-1  current,  is  shown  in  Fig.  9b.  It  is  evident  that  the 
discharge  capacity  of  the  alumina-coated  electrode  cell  is  higher 
than  that  of  the  pristine  electrode  cell,  especially  at  the  higher 
current.  The  discharge  capacity  fade,  after  a  hundred  2.2-4.6  V 
cycles,  for  the  pristine  electrode  cell,  is  9%  and  17%,  respectively,  at 
the  high  and  low  currents;  the  corresponding  values  for  the  coated 
electrode  cell  are  6%  and  15%.  That  is,  the  rate  of  capacity  fade  is 
marginally  lower  for  cells  with  the  alumina  coated  electrode. 

Distinct  differences  are,  however,  observed  in  the  AC  impedance 
spectra  (see  Fig.  10)  from  full-cells  with  the  alumina-coated  and 
pristine  electrodes;  the  spectra  include  contributions  from  all  cell 
components.  Each  spectrum  is  typical  of  LMR-NMC//graphite  full 
cells  4,21  ],  and  includes  (i)  two  major  arcs  in  the  10  kFIz  to  ~  1  FIz 
range,  which  are  generally  associated  with  charge  transport  across 
particle-particle  and  particle-electrolyte  interfaces;  and  (ii)  a 
Warburg  impedance  tail  at  frequencies  <1  Hz,  which  is  associated 
with  bulk  diffusional  effects  in  the  cell,  including  diffusion  of 
lithium  within  the  electrode  active  materials  [59].  Fig.  10a  and  b 
contains  cell  data  after  formation  cycling  and  after  one  hundred 
2.2-4.6  V  cycles,  respectively  -  it  is  evident  that  the  alumina- 
coated  cell  has  lower  initial  impedance  and  a  significantly  smaller 
impedance  rise  after  extended  cycling.  The  only  difference  between 


Fig.  8.  Capacity-voltage  plots  (2-4.7  V,  15  mA  g-1),  from  half-cells  containing  the 
pristine  and  coated  electrodes,  after  formation  cycling  and  after  fifty  2. 2-4.7  V  cycles. 
The  alumina  coating  has  negligible  effect  on  the  oxide’s  voltage  hysteresis  and  voltage 
fade  characteristics. 


Fig.  9.  (a)  Capacity-voltage  plots  from  the  “window-opening”  cycling  protocol  from  a 
full-cell  containing  an  alumina-coated  electrode  cycled  with  a  15  mA  (g  oxide)  1 
current,  (b)  Discharge  capacity  vs.  cycle  number  plots  for  cells  with  the  pristine  and 
coated  electrodes  cycled  in  the  2.2-4.6  V  range. 
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Fig.  10.  AC  impedance  spectra  from  full  cells  with  the  pristine  and  alumina-coated 
electrodes:  (a)  after  formation  cycling,  and  b)  after  100,  2.2-4.6  V  cycles.  The  data 
are  obtained  in  the  100  kHz  to  0.01  Hz  frequency  range,  at  30  °C  and  at  a  full  cell 
voltage  of  3.75  V. 

the  cells  is  the  alumina-coating  on  the  oxide  particles  -  we  may 
thereby  conclude  that  the  alumina  coating  reduces  full  cell 
impedance  by  lowering  impedance  at  the  positive  electrode. 

4.  Discussion 

Alumina  coatings  can  be  applied  by  various  techniques  including 
sol-gel,  solid-state,  dry-coating,  atomic  layer  deposition  (ALD), 
electrophoresis  deposition  (EPD)  [60]  and  electrolytic  deposition 
(ED)  [61]  techniques.  Each  technique  has  its  own  advantages  and 
disadvantages.  For  example,  the  ALD  technique  can  be  used  to 
generate  conformal,  ultrathin  coatings  on  oxide  particles  and  elec¬ 
trodes,  but  process  scalability  is  yet  to  be  demonstrated.  Sol-gel 
based  methods  provide  highly  effective  coatings  but  often  require 
large  quantities  of  solvents,  multiple  steps  and  long  processing 
times.  Dry-coating  techniques,  involving  homogenizer-mixing  fol¬ 
lowed  by  heat-treatment,  are  relatively  simple  but  could  induce 
changes  in  the  secondary/primary  architecture  of  battery  oxides. 

Our  pulsed-sonication  technique  provides  an  alternative 
approach  -  a  rapid  and  effective  method  for  uniform  coating  of 
secondary  particles  with  Al(OH)3,  which  is  converted  to  alumina 
during  subsequent  heat-treatment.  The  NMR  data  indicate  the 
presence  of  aluminum-oxygen  bonds  at  the  oxide  surface,  and 
some  Al  migration  into  the  oxide  bulk.  The  strong  Al-0  bonds  at  the 
oxide  surface  could  reduce  the  outward  diffusion  of  oxygen  va¬ 
cancies  thereby  reducing  irreversibility  during  the  first  oxide- 
activation  cycle  [42].  The  possible  formation  of  a  LiAlxM(i_X)02 
(M  =  Ni,  Co,  Mn)  interphase  62]  could  reduce  reactivity  with  the 
electrolyte  and  minimize  the  dissolution  of  transition  metal  ele¬ 
ments,  as  suggested  by  Verdier  et  al.  for  alumina-coated  LiCo02  [  63  ]. 

The  smaller  impedance  for  the  alumina-coated  sample,  after 
formation  cycling  and  after  extended  cycling,  is  a  prominent 
feature  of  our  data.  From  kinetic  Monte  Carlo  simulations  Hao  and 
Wolverton  [64]  report  that  the  diffusivity  of  interstitial  Li  in 
amorphous  0C-AI2O3  coatings  is  very  low  (D  =  2.7  x  10-14  m2  s_1  at 
600  I<).  Such  low  values  would  increase  (not  decrease)  interfacial 
impedances.  On  the  other  hand,  using  ab  initio  molecular  dynamics 


simulations,  Jung  and  Han  [65]  indicate  that  lithiation  of  AI2O3 
coatings  proceeds  until  a  thermodynamically  stable  phase 
(Li3  4AI2O3)  forms.  Lithium  ions  in  this  optimal  composition  diffuse 
four  orders  of  magnitude  faster  than  ions  in  AI2O3  with  low  Li 
concentrations.  In  a  similar  manner,  the  low  impedances  in  our 
data  may  indicate  the  formation  of  Li-rich  alumina  phases,  and/or 
faster  diffusion  through  a  LiAlxM(i_x)02  (M  =  Ni,  Co,  Mn)  solid  so¬ 
lution,  at  the  oxide-electrolyte  interface. 

The  alumina  presence  may  also  reduce  the  preferential  segre¬ 
gation  of  Ni  atoms  to  the  oxide  particle  surface  and  boundaries 
reported  by  Gu  et  al.  [66].  The  authors  concluded  that  preferential 
segregation  of  Ni  ions  to  the  particle  surface  is  observed  when  the 
surface  is  terminated  with  a  mix  of  cations  and  anions;  such 
segregation  is  not  observed  for  surfaces  terminated  with  a 
transition-metal  layer.  Boulineau  et  al.  also  showed  Ni  segregation 
to  Li1.2Mno.6Nio.i8Mgo.01O2  surfaces  upon  cycling,  which  results 
from  Mn  migration  from  the  surface  to  the  particle  bulk  [67].  Such 
surface  structural  transformations  can  affect  the  diffusion  of 
lithium  ions;  for  instance,  the  generation  of  a  Lii_xNixO  layer  on 
LiNio.8Coo.2O2  particle  surfaces  is  known  to  impede  lithium  motion 
[68,69].  Termination  of  surfaces  with  aluminum  from  the  alumina 
may  minimize  Ni  atom  segregation  to  the  oxide  particle  surface, 
and  thereby  reduce  impedance  growth  on  extended  cycling. 

The  enhanced  capacity  observed  with  our  “window-opening” 
cycling  protocol  is  similar  to  the  effects  reported  previously.  From 
transmission  electron  microscopy  (TEM)  studies,  Ito  et  al.  [70] 
determined  that  the  standard  galvanostatic  cycling  protocol  in¬ 
duces  micro-crack  formation  and  crystal  periodicity  distortion 
because  of  oxygen  loss  from  the  oxide  surface;  the  gradual  activa¬ 
tion  protocol  suppressed  formation  of  these  defects.  Nakahara  et  al. 
[71]  showed  that  stepwise  cycling  suppressed  oxygen  release  from 
the  oxide  lattice  during  the  first  charge  of  graphite-Li1.26Mno.52- 
Feo.2202  full  cells.  Similarly,  the  enhanced  capacity  of  cells  with 
alumina-coated  electrodes  may  result  from  the  strong  Al-0  bonds 
which  reduce  oxygen  evolution  and,  therefore,  damage  at  the  oxide 
surface.  The  reduction  of  oxygen  evolution  would  also  improve  the 
safety  characteristics  of  the  oxide,  as  described  in  previous  studies. 
Further  studies  are  underway  to  determine  optimal  alumina  and 
lithium  aluminate  concentrations  and  distributions  for  maximum 
improvements  in  cell  performance,  life  and  safety. 

5.  Conclusions 

A  pulsed-sonochemical  approach  is  used  to  coat  alumina  on 
Li1.2Nio.175Mno.525Coo.1O2  (0.5Li2MnO3  •  0.5LiNio.44Mno.3iCoo.2502) 
particles.  The  pulsed-approach  uniformly  coats  the  oxide  while 
maintaining  its  secondary  particle/primary  particle  architecture, 
unlike  continuous  sonication  processes  that  promote  particle 
damage.  The  alumina  coating  is  indicated  by  EDS  X-ray  elemental 
maps  and  confirmed  by  27A1  MAS  NMR  data  which  are  consistent 
with  a  6-coordinate  aluminum-oxygen  environment.  Standard  2- 
4.6  V  galvanostatic  cycling  data  in  lithium-metal  counter-electrode 
cells  show  that  the  performance  of  the  alumina-coated  electrode  is 
better  than  that  of  the  pristine  electrode,  both  at  low  and  high  rates. 
However,  the  performance  is  similar  for  both  electrodes  when  a 
“voltage  window-opening”  protocol  is  employed  during  the  initial 
activation  cycles.  Furthermore,  the  alumina  coating  has  a  negligible 
effect  on  the  voltage  hysteresis  and  the  voltage  fade  behavior  dis¬ 
played  by  these  oxides. 

When  cycled  with  graphite-based  negative  electrodes,  cells 
with  the  alumina-coated  electrode  have  lower  initial  impedance, 
and  a  significantly  smaller  impedance  rise  after  one  hundred  cycles, 
compared  to  the  pristine  electrode  cell.  The  discharge  capacity  of 
the  alumina-coated  electrode  cell  is  also  higher  than  that  of  the 
pristine  electrode  cell,  probably  because  of  its  lower  impedance.  It 
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is  likely  that  the  alumina  forms  a  partial  solid  solution  at  the  oxide 
surface  to  create,  for  example,  a  lithium  aluminate  layer,  thereby 
stabilizing  and  reducing  deleterious  reactions  and  impedance  at 
the  oxide-electrolyte  interface.  Detailed  studies  are  underway  to 
determine  optimal  coating  and  processing  conditions  that  enhance 
material  performance  and  cell  life. 
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